Pattern formation and the evolution of complexity in spatially extended dynamical systems has been the subject of many investigations in widely diverse branches of science. In nonlinear optics [1] , such studies have been motivated by the goal of developing a general understanding to describe the emergence of periodic [2, 3] and quasiperiodic patterns [4] , vortices [5, 6] or spatial solitons [7] using various passive nonlinear optical systems as well as gas [8] [9] [10] [11] and semiconductor lasers [3,12 -14] . The analysis of the transverse structure of the light emitted by large aperture semiconductor lasers is extremely interesting due to the strong phase-amplitude coupling of the active material, as parametrized by the factor [15] . In these laser devices, a propagating beam decreases the local carrier density, which induces an increase of the refractive index and thus results in a nonlinear waveguide which focuses the light and induces further carrier depletion and index change. This phenomenon, which is at the origin of the appearance of instabilities, leads to the deterioration of the spatial coherence of broad area semiconductor lasers and limits their suitability for many potential applications. Although such instabilities have been widely analyzed, both experimentally and theoretically, there are few fundamental insights into the evolution of these instabilities in semiconductor lasers.
The aim of this paper is to analyze the onset of transverse instabilities in broad area semiconductor lasers as the transverse aperture is increased. The devices used in this paper include a special current spreading layer to enhance carrier diffusion and generate a smooth injection current profile [16] . Thus, by designing devices with different contact stripe widths, we can analyze the appearance of filamentation as the transverse section of the laser is increased. For small stripe widths, <10 m, the pump profile can be described by a bell function, such as a Lorentzian, and the optical field is described by two counterpropagating transverse waves emitted from the center of the devices, resulting in symmetric off-axis emission. Wider stripes, >20 m, result in a smoothed current profile at the edge while remaining constant in the center region (see Fig. 1 ). In this case, the emission becomes asymmetric as one wave becomes dominant. Increasing the pump parameter leads to the emergence of an oscillatory state before the observation of spatiotemporal chaos at high pump levels.
From a theoretical viewpoint, if the carrier dynamics can be adiabatically eliminated, the spatiotemporal dynamics of wide aperture semiconductor lasers can be described by the complex Ginzburg-Landau equation [5, 17, 18] ,
where E is the complex amplitude of the slowly varying electric field, is the rate of electric field damping (due to the absorption of the semiconductor medium and mirror losses), Jx is the normalized pump parameter, r 2 is the transverse Laplacian, a is the diffraction parameter, and parametrizes the carrier dependent refractive index. The complex Ginzburg-Landau equation usually contains a diffusive term, but this term can be neglected in semiconductor lasers as it is proportional to the curvature of the gain spectrum [5] . However, for semiconductor lasers, the carrier lifetime, 1= n , is much larger than the photon life- time and a more complete description which takes into account the carrier density dynamics Nt reads
These equations have been extended to provide a more accurate description of the behavior of broad area semiconductor lasers by incorporating the full gain curve as calculated from microscopic many-body theory [19] . Indeed, since the essential features of the experimental results presented in this paper can be captured by Eqs. (1) and (2) and in the Maxwell-Bloch equations [16] they should also be observed in these more sophisticated models. The steady-state solutions of (1) and (2) are unstable when Jx is flat due to the Benjamin-Feir instability [17] . Experimentally, this is demonstrated in regular broad area lasers, which have top hat shaped current profiles resulting in the appearance of these instabilities and consequently poor spatial coherence properties. In addition, the stability of transverse traveling wave solutions in equations similar to (2) have been addressed in [20] and some control schemes developed. The broad area semiconductor lasers studied in this work were fabricated from a standard graded index separate confined heterostructure with an additional p-type spreading layer (for further details see [16] ). The inclusion of this layer, between the injection stripe and the active region of the laser, is a simple and effective method to achieve smooth edges in the transverse direction. By varying the thickness and doping concentration of the spreading layer, different contact stripe widths give different profiles; here we present stripe widths of 5 and 50 m which correspond to the two profiles illustrated in Fig. 1 . In order to observe the carrier-field interaction, without the interference of thermal guiding effects, the devices were electrically driven under pulsed conditions at 1 kHz with a duty cycle less than 0.01%. The near field of the laser was obtained by imaging the laser facet, while the far field was measured after free space propagation. The beam waist of the laser was located and measured by scanning the transverse profile of the laser at different points along the propagation direction. This last measurement provides a quick and reliable measurement of the spatial coherence of the device when the device far-field divergences are similar, as spatially coherent devices have narrow beam waists while a broad time-averaged beam waist may be associated with spatiotemporal instabilities in the laser beam. In the lateral (growth) direction the epitaxial structure ensured single mode operation.
For the narrow stripe lasers, i.e., when the current profile can be approximated by a smooth bell function, the near field follows the pump profile while the far field contains symmetrical off-axis emission as shown in Fig. 2 . The possibility of generating off-axis emission with such injection profiling was first identified by Petermann [21] . Experimentally, this off-axis emission was clearly demonstrated in [16] where the near field followed the injection profile while the far field contained two well defined lobes, symmetric about the optical axis. In addition, by filtering the far field of the laser and reimaging the near field, it was shown that each lobe of the far field is associated with onehalf of the near field. Thus, the optical field in the laser can be described in terms of two counterpropagating transverse traveling waves, where each wave originates in the center of the device and propagates towards the edge. Thus both waves sources are at the center while the sinks are on the edges of the injection profile. The small beam waist (less than 5 m) and the presence of side lobes demonstrates a high degree of spatial coherence, and the emitted pattern can therefore be considered as a single but complicated transverse mode. This was previously explained using the framework of the Maxwell-Bloch equations but can also be
FIG. 2. Experimental near (top left) and far (top center) fields
and beam waist (top right) of a 5 m stripe device under pulsed operation. Transverse traveling waves counterpropagate from the center of the near field profile to the edges and result in the dual lobed far-field pattern. Also, Ginzburg-Landau simulations showing the beam waist (bottom left) and (bottom right, from top to bottom) the corresponding pump profile, carrier profile, intensity profile, and real part of the electric field for a narrow stripe injection profile (see Fig. 1 for further details) . The parameters used were 1 (time unit in the model 1 ps), maximum of Jx was 1.34, a 1 (the length unit in the model is 5 m), and 1:2.
described within the complex Ginzburg-Landau framework (see Fig. 2 ) as the smooth current profile creates a smooth antiguide due to the carrier-induced index reduction which stabilizes the emission. In both the experiment and simulation, the increase of the pump parameter beyond some critical value results in the onset of instabilities. In this situation, the time-averaged far field remains double lobed in average; however, the beam waist broadens dramatically as the onset of spatiotemporal chaos results in a reduction in the spatial coherence of the beam.
For devices with stripes wider than 50 m, the far field remains double lobed at low injection currents, however, the intensity of one peak is stronger than the other (see Fig. 3 ). This indicates that the symmetry observed for narrow devices has been broken, and that one traveling wave has become dominant in the laser emission. Such loss of symmetry is also apparent in the near field, where an unusual shoulder appears on one side of the profile. The reimaged beam waist remains narrow, indicating a high degree of spatial coherence, and continues this trend of symmetry breaking, having its maximum off axis. Numerical simulations of both the Ginzburg-Landau and the Maxwell-Bloch equations also reveal the existence of symmetry breaking when the transverse dimension of the device is increased (see Fig. 3 ). In this situation, the numerical simulations exhibit a monochromatic solution where the source of the waves has moved from the center FIG. 3 . Experimental near (top left) and far (top center) fields and beam waist (top right) of a 50 m stripe device under pulsed operation displaying the presence of stable transverse traveling waves. Note that, in this case, one of the traveling waves has become dominant as apparent in the asymmetry in the far-field profile. Also, Ginzburg-Landau simulations showing the beam waist (bottom left) and (bottom right, from top to bottom) the corresponding pump profile, carrier profile, intensity profile, and real part of the electric field for a wide stripe profile (see Fig. 1 for further details). The parameters used were the same as used in Fig. 2 . Note that the position of the source has moved to the edge of the profile and that a shoulder has appeared in the near field as in the experiment. of the injection profile to the boundary between the flat central region and the smoothened edges as shown in Fig. 3 . This position is identifiable in the near field intensity profile by the appearance of a shoulder, similar to that observed in the experiments. Numerically, the direction of the dominant traveling wave (or equivalently the position of both waves source) varies from run to run depending on the initial conditions. This is not observed in the experiment, probably due to the presence of local inhomogeneities and impurities in the device which break the symmetry of the system and slightly favor one direction. Experimentally, when the pump parameter was increased, a spatial modulation appeared on the dominant wave side of both the near and far-field profiles, as shown in Fig. 4 , suggesting that some destabilization of the dominant traveling wave has occurred. The fact that the beam waist remains narrow indicates that the laser emission remains regular and not chaotic. Maxwell-Bloch simulations at increased injection levels display similar features in the instantaneous near and far fields (Fig. 4) , which correspond to a destabilization of the dominant traveling wave to an oscillatory state. However, such modulation averages out and does not appear in the time-averaged field as in the experiment. Again, the role of imperfections and inhomogeneities is suggested here as a possible mechanism for the residual modulation in the experimental near field. Numerically, in this spatial region the emission undergoes self-pulsing dynamics, while in the region containing the recessive traveling wave it remains stable. Remarkably, the beam waist remains narrow and stable in time indicating no loss in spatial coherence of the beam. If the pump is further increased, filamentary dynamics ensue in both experimental and numerical situations and result in a dramatic broadening of the laser's beam waist.
In summary, these results show that spatially varying parameters can inhibit the appearance of self-focusing instabilities. Variations in the pump profile, for example, stabilize traveling wave solutions whose sources/sinks are localized at the maxima/minima of the spatial variations. For small stripe widths, this corresponds to the symmetric pattern observed in the narrow stripe lasers. If the gradient becomes weak in the center of the device, as in the wider injection profile, then one traveling wave dominates and the spatial symmetry is broken. The source position changes to follow the maximum of the spatial variation which now occurs at the interface between the flat central region and decaying edge regions. At higher injection levels, the dominant wave becomes unstable through a Hopf bifurcation before developing spatiotemporal chaos.
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